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SECTION 1
INTRODUCTION

There is considerable interest in making long-duration pressure

measurements on large-scale, high-explosive (HE) tests and underground nuclear

tests. At present, the best gauge for short durations is the Hopkinson bar gauge.
The recording time for such a gauge is limited to the time required for a sound
wave to make one round trip in the dump bar. At that time, the reflection of the
incident pulse from the far end of the gauge will degrade the record. For gauges

of reasonable lengths this limits the recording time for low-noise records to

approximately 1 ms. Edwards et al. [2] have shown that by tapering the dump
bar and coating it with an absorbing medium of an appropriate shape, the
reflection from the end of the bar can be reduced to an insignificant level.
However, Edwards worked only at very low pressures. The purpose of this
project was to extend Edwards' technique to the higher stress levels appropriate

to HE and nuclear testing. The goal was a gauge which would accommodate

pressure pulses up to 10 kbar, and record for 10 ms.

This work was divided into three tasks as follows:

1. Review previous efforts to produce an attenuated reflection in the
dump rod of a Hopkinson bar gauge.

2. Design and produce a damped bar gauge for high-stress
environment measurements. Design considerations should
include an evaluation of the effects of the strength of the damping
material, and of its bond to the dump bar, as well as basic
analytical calculations of bar gauge response.

3. Test the effectiveness of absorption and adherence of bar gauge
dump rod coatings by carrying out appropriate field tests.



SECTION 2
BACKGROUND

The Hopkinson bar gauge uses the elastic propagation of a pressure wave
along a thin rod to deliver the signal from a pressure environment to a sensor,
typically a piezoelectric crystal. This rod is known as the input bar. The sensor is
backed by another bar, the dump bar, into which the pressure wave passes. This
causes the sensor to experience the same stress as was developed in the bar.
When the pressure pulse reaches the end of the dump bar, it will reflect and
create a tension wave which propagates back toward the sensor, where it will
interfere with any incident wave present at that time and degrade the
measurement. Thus, the length of the dump bar and the wave speed within the
bar determine the maximum interference-free recording time of the gauge. To
obtain a 10 ms recording time from a conventional Hopkinson gauge, the dump
bar would have to be 25 m long, hardly a practical length for routine field use.

For the relatively low pressures at which he worked, Edwards found that a
pressure pulse could be transferred from the elastic dump bar to an absorbing
medium surrounding it, without a reflected wave developing, if the two materials
had very specific shapes. Once this has been done, an arbitrarily long recording
time can, in principle, be provided simply by making the absorbing medium long
enough to attenuate the pulse to an insignificant level before it reflects from the
end and couples back into the dump bar.

According to elementary acoustic theory, no reflection of a sound wave will
occur at the interface of two different bars providing the product of acoustic
impedance and cross-sectional area is the same on each side of the interface.
For a conically tapered dump bar, this condition leads to the following equation
for the radius of the absorbing medium, or attenuator, as a function of position
along the bar:

X2 r2
+ = 1

LOZd(Zb - Za) ZbrCl-a
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where,
x = Position along the bar, measured from the pointed end
r = Radius of the attenuator
ro = Maximum radius of the tapered bar

L = Length of the taper
Za = Impedance of the attenuator
Zb = Impedance of the bar

This is the equation of an ellipse whose shape is determined by the impedance of
both the rod and the attenuator; thus, it is necessary to measure the sound speed
and density of each of these materials to determine the correct shape for the
attenuator.

This was Edwards' so-called "long-duration gauge." He used a conically
tapered lead bar with an ellipsoidal attenuator of Picien wax and presented in his

paper a waveform which showed no indication of a reflection from the dump bar
assembly for a time interval an order of magnitude longer than the ring-free time
of a bare lead dump bar. A conceptual diagram of the damped Hopkinson bar
gauge is shown in Figure 1. Split bars with quartz sensors were used in all of the
tests because they have a high sensitivity and low hysteresis. Ytterbium grids on
split bars or strain gauges on non-split bars can and would be used at higher
stress levels.

It should be pointed out that the derivation of attenuator shape ignores the

details of the bar-attenuator interface where there is a local impedance mismatch,
and assumes plane wave propagation along the axis of the bar and attenuator
assembly. In general, the propagation will not be planar, since the two materials
may have significantly different sound speeds. A rough estimate of the limit this
places on the rise time of the pressure signal can be made by assuming that
planar propagation occurs for wavelengths greater than 10 bar diameters. This
produces a frequency limit of approximately 80 kHz in a 6 mm diameter steel bar,

but only 3 kHz in a 3 cm diameter plastic attenuator whose sound speed is
I mm/ps. The latter corresponds to a rise time greater than 100 /s, which is an
order-of-magnitude longer than the rise time of which a bar gauge is capable.

3
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Figure 1. Damped bar gauge. The ellipsoidal shape of the attenuator allows a
pressure pulse to couple into it frcm the tapered bar without
generating a reflection. The cylindrical section at the end of the
attenuator may be required to adequately absorb the pulse.
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The long-wavelength assumption used to derive the ellipsoidal shape is not
strictly valid. However, the extent to which deviations from plane-wave
propagation affect the gauge response is not known and appears to be best
determined experimentally.

There are two distinct aspects to the problem of developing a damped bar
gauge for high pressures. First, the pressure wave must be coupled from the
dump bar into the absorbing material without reflection, and withcut causing the
absorbing material to become unbonded from the dump bar. And, secondly, it
must be attenuated in the absorbing material so that it cannot reflect from the end
of the assembly and couple back into the tapered bar. These two problems were
addressed separately in this project.



SECTION 3
LITERATURE REVIEW

Under Task 1, a review was made of previous efforts to reduce the reflection
in the dump bar of a Hopkinson bar gauge. However, very little published
information on this specific topic was found and the literature search was
expanded to include the theory and technique of acoustic damping in general.

Papers by Harpavat [5] and McIntosh (8] referenced Edwards' work but
neither described use at high stress levels. Ragland [12] also references
Edwards' work and presents a description of a bar gauge having a cylindrical (not
tapered) dump bar of tin potted in silicone rubber, which also had a simple,
cylindrical shape. His paper shows what he described as a "remarkable" result:
"no significant signals due to reflected waves from the end of the tin appear .... ,
apparently, the elastic waves in the tin are attenuated with the aid of the silicone
rubber, and thus no further design features are needed for long duration
operation". Presumably, the "design features" he referred to are the special
shapea of the dump bar and the attenuator in Edwards' gauge.

Unfortunately, Ragland's work, like Edwards', was restricted to the very low
pressure range (on the order of 10 bars) so little additional information is
obtained, except that the need for the special shapes is in question.

Several references were found on the analysis of waves along bonded layers
and bonded concentric cylinders, including the effects of debonding on the
propagation of the waves [1, 4, 6, 11, 14]. A theoretical treatment for handling
scattering from spherical inclusions in an otherwise homogenous medium is
presented by Metha [9]. His theory agrees well with experimental measurements
of the velocity and attenuation of P waves in fluid-solid suspensions. The
attenuation of pressure pulses by geometrical dispersion in composites was
studied by Peck [10]. He also considered the more complex question of
attenuation by various fracture processes which can occur specifically because of
the inhomogeneity of composite materials. Several papers by Russian authors [3,
7, 13] were found that consider specific problems in acoustic damping and shock

absorption with emphasis on the damping properties of alloys.

6
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With the exception of Ragland's paper [12], little information relating directly "

to the problem of attenuating the reflection in a Hopkinson bar gauge was found.

Most of the literature relating to this topic is concerned with the more common
problem of acoustic attenuation, and thereby avoids the necessity of dealing with

high-level stresses. It was apparent from the inception of this work that the major
effort would be experimental; the lack of published material was, therefore, not a

serious impediment.

7.
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SECTION 4

EXPERIMENTAL WORK

4.1 VERIFICATION OF EDWARDS' TECHNIQUE AT KILOBAR STRESS LEVELS.

The following broad classes of materials were considered for use as the

attenuator:

* Transparent Plastics
* Filled Plastics
* Fiber-Wound Plastic-Bonded Coatings
* Porous Plastics
* Porous Metal

Transparent plastics were considered because they provide a convenient
means of studying the problem of fracturing of the bond between the plastic and
the tapered bar. A simple, single-component plastic, however, was not expected
to be at all optimum as an attenuator. With filled plastics, multi-point scattering
from small particles having a density considerably different from the
encapsulating material was expected to provide attenuation. In a fiber-wound,
plastic-bonded coating, tension in the winding should be able to maintain normal
strength and shear coupling by friction, even if the bond to the tapered bar is

broken. Porous materials were considered because scattering from the air-filled
voids, as well as heating of the air in the voids when compressed, should provide

attenuation.

For preliminary tests of the bonding problem, 91 cm long, tapered and
cylindrical bars were obtained of Type 6150 steel. This steel, which has a
measured sound speed of 5.2 mm/ps, was used to construct three quartz bar

gauges. For reference, one gauge was made of the conventional design with a
cylindrical dump bar; two gauges were made with the tapered dump bars, one
with the bar bare and one with it encapsulated in a plastic attenuator. The

attenuator was made of CIBA epoxy, cast about the tapered bar in a cylindrical
mold. It was then machined and hand-lapped to the required ellipsoidal shape.

CIBA is a very strong, rigid, transparent epoxy extensively used in the production •



of gauges for shock wave measurements. In all three gauges, the input bars were

25 cm long and the dump bars were 91 cm long. The CIBA attenuator did not

extend beyond the end of the tapered bar.

Initial tests of these gauges were made at very low stress levels by dropping

a steel ball onto the input bar. The results are shown in Figure 2. The standard
gauge produced the very clear multiple reflections shown in the upper trace. In
the center trace, the bare tapered dump bar is seen to have caused the reflections
to become considerably more complicated, although the arrival time of the first
reflection from the end of the bar was unchanged. However, the presence of the

epoxy attenuator completely eliminated the reflections from the end of the steel
bar at 350 ps, as shown in the bottom trace. At about 900 ps, the large reflection
from the end of the CIBA was recorded.

Higher-pressure tests were then made on a drop-bar tester. Figure 3 shows

the signals from the standard and damped gauges. The drop-bar used for this
test produced a pressure pulse lasting 1.1 ms. As shown on the upper trace, the

useful record from the standard gauge ends 350/ps, when the dump bar reflection
arrives back at the sensor. But, the damped gauge shows a flat response at that
time, and provides a useful signal until the much later reflection from the end of
the attenuator reaches the sensor at 900 /s.

The elimination of the reflection from the end of the tapered steel bar in
these tests means that the pulse was completely coupled into the plastic. The
long delay introduced into the arrival time of the reflection from the end of the

attenuator, relative to the bare bar, implies that the coupling into the attenuator
occurred promptly after the pulse entered the tapered region, and that the
91 cm long bar was probably unnecessarily long. Further testing of this gauge
produced no failure of the attenuator or its bond to the tapered steel bar at
pressures up to 2 kbar, and demonstrated that Edwards' technique could be

extended to the kilobar stress range. As expected, however, CIBA proved to be a

very poor attenuator.

9
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Figure 2. Drop-bail test results from bar gauges having three different dump bar
configurations. The absence oJ peak B ifl the lower trace indicates the
input pulse was completely coupled into the plastic attenuator.
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Figure 3. Results of drop-bar tests on the standard and damped gauges. The
absence of the reflection at 400gp in the lower trace indicates the pulse
was completely coupled form th tapered dump bar into the plastic
attenuator. The peak pressure is approximately 0.8 kb.



4.2 ATTENUATOR DEVELOPMENT.

Two classes of materials were considered as candidates for true attenuators:
metal-filled epoxies and porous compounds. Two metal-filled epoxies were
evaluated. One was a commercially-available, steel-filled, variable mix-ratio,
coating resin, sold as Furane Epocast. No. 9 lead shot in CIBA epoxy was also
tested. The ability to cast the attenuators in the required shape is very desirable,
so only thermosetting plastics were considered for porous compounds. The
previously used CIBA epoxy was made porous by the addition of "micro
balloons" which are resinous, air-filled bubbles of random sizes up to 0.15 mm in
diameter. The Furane Epocast was also made porous in the same manner. A
very weak and compressible electrical plotting compound, Biwax No. 637, was
also tested, primarily out of curiosity. It does not have enough structural integrity
to function as an attenuator but seemed likely to provide significant damping.

A total of eight different samples of these compounds was made by varying
hardness and porosity. Sound speed was measured and an indication of
acoustic attenuation was obtained for each of these by dropping a steel ball on
one end of a cylindrical sample and recording the pulse transmitted through it.
Table 1 summarizes the measured properties of these materials. The following

general observations were made: (1) sound speed was increased and
attenuation slightly reduced by the addition of porosity (in the range of 17 percent
to 31 percent porosity) in both CIBA and Furane epoxies; (2) the steel-filled epoxy
was not significantly different than the unfilled CIBA; (3) the lead shot resulted in a
slight increase in attenuation (25 percent increase in 30 cm of length) in CIBA;
and, (4) a large attenuation (90 percent in 30 cm) was obtained from the soft
Furane samples. Thus, it appeared that the only mechanism which provided
significant attenuation was visco-elastic damping in the soft materials, and that
porosity and multi-point scattering were quite ineffective.

12



Table 1. Physical properties and drop-ball test results of attenuating
materials.

Drop-Ball Test Output PulseSound ?

Speed Relative Width s)
Density (mm/Us) Amplitude (FWH

Biwax 1.06 0.26 0.001 200

Soft, Steel-Filled Epoxy1  1.77 0.81 0.070 150 S

Soft, Steel-Filled Epoxy2  1.32 1.03 0.130 75
(with 25% Porosity)

CIBA Epoxy 6.92 1.25 0.740 20
(with 57% Lead Shot)

CIBA Epoxy 1.15 1.71 1.100 20

CIBA Epoxy2 0.95 1.75 1.100 20
(with 17% Porosity)

Hard, Steel-Filled Epoxy3  2.22 1.80 1.200 17

CIBA Epoxy2  0.79 1.80 1.400 18
(with 31% Porosity)

1 Furane Epocast. Contains about 9% steel powder. Resin-to-hardener ratio 10:3.

Compressive strength 0.3 kbar.

2 Samples made porous by adding microballoons. Balloon sizes appeared

random in the range of 0 to 0.15 mm.

3 Furane Epocast mixed 10:1. Contains 15% steel powder. Compressive strength
0.6 kbar.

13
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Complete elliptical attenuators were then cast onto three 30-cm tapered

bars, two using the soft, steel-filled epoxy, (one dense and another with

25 percent porosity) and one using porous CIBA. The shorter bars were used to

reduce the labor of shaping the attenuators. Although the porous CIBA did not

attenuate well in the initial tests with cylindrical samples, its impedance was nearly

identical to the two Furane samples and it could therefore be cast in the same

mold with little additional effort. To make the mold, an aluminum pattern was ,,.

machined to the appropriate elliptical shape and silicone rubber was ast around
it. When the aluminum was removed, the rubber formed a mold suitable for a

material having the specific acoustic impedance used to determine the shape of
the ellipse. This rather laborious process must be repeated for each material of

differing impedance.

These three samples were then built into bar gauges with quartz sensors

and 15-cm input bars. Drop-ball tests confirmed the presence of a very large
reflection from the end of the CIBA bar but showed no reflection at all from the
two Furance samples (see Figure 4). However, drop-bar tests on the two Furance

gauges showed a very significant decay in what should be an approximately
square-wave pulse. As shown in Figure 5, the signal fell to 60 percent of the peak
value before the drop bar rebounded at 1.1 ms. The CIBA gauge did not show
this effect but, as expected, its signal lasted for only about 0.5 ms before being

cancelled by the reflection.

The fact that the decay in the signal from the Furane gauges begins
promptly after the peak is reached implies that it is unrelated to reflections from

the end of the gauge. Instead, the decay must be due to environment

experienced by the pressure pulse as soon as it enters the tapered region of the
steel bar. This could result from an undervaluation of the impedance of the
Furane compounds. However, its presence in the Furane bars and absence in

the CIBA bar casts suspicion on the most apparent difference in these two
materials - CIBA is a very rigid plastic, while Furane is quite flexible. Considerable
shearing is to be expected in in such a flexible material when loaded in a non-

uniform manner. Reflection of shear waves from the elliptical surface of the
attenuator could conceivably generate relief waves of sufficient amplitude to
account for the decay in the gauge signal on the drop-bar test.

14



DROP BALL TESTS

Attenusar of CIBA
Epoxy. 31 % Porosity

Attenuator of Steel-
Filled Epoxy (soft]

Attenuator of Steel-
Filled Epoxy (soft)

25%Z Porosity

I AL - L

0 58see 10 2000
uSEC

Figure 4. Signals from drop-ball impacts on gauges with three types of
attenuators. The mulItiple pulses in the top trace are caused by
reflections from the end ofth e attenuator. The reflections were
completely damped by the steel-filled, soft attenuators.
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DROP BAR TESTS

' I I I I I I ' ' I I I I
Reflection From the End

of the Dump Bar

Attenuator of CIBA
End of Epoxy. 31% Porosity

Pulse

Pressure .

Pulse S
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Filled Epoxy (soft)

E nd of

Attenuator of Steel-
Filled Epoxy (soft)

25% Porosity
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0 100 2000 3000 4000
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Figure 5. Signals from drop-bar impacts on the same gauges of Figure 4. The
lower two traces show the full 1.1 ms width of the input pulse but decay
about 40 percent during this time. The upper trace for the gauge with
the hard epoxy attenuator shows no decay but is strongly perturbed by
the first reflection from the end of the attenuator at 0.6 ms.
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A gauge was then built which had a cylindrical Furane attenuator cast on a

30 cm long tapered bar. The purpose of this gauge was to determine if the decay

seen previously was due to some intrinsic property of the soft plastic or, perhaps,

due to a miscalculation of the shape of the ellipsoid used in the previous gauge.
The cylindrical encapsulation should increase the effective impedance of the
dump bar and cause a positive reflection of the stress pulse as it reaches the
encapsulated region. A similar effect is quite readily observable in conventional
bar gauges where a rigid clamp on the bar, or even the soft rubber spacers used
to center the bar in its protective tube, can cause a reflection.

Quite surprisingly, this gauge produced a waveform nearly identical to that
seen in the previous gauge with the elliptical attenuator. The signal decayed to
53 percent of the peak value in 0.5 ms and, in particular, showed no indication of
a reflection from the top of the attenuator. This destroyed the hope of correcting
the decay by increasing the diameter of the attenuator and, in fact, implied that
the elliptical shape is not essential at all for such materials. Perhaps the softness
of the attenuator material prevented the stress wave from interacting fully with the
excess Furane outside the elliptical shape. This, in fact, could explain the origin of
the decay seen in these signals. If the wave does not interact with the outer
region of the Furane, when the net impedance of the attenuator assembly would
be continuously reduced as the pulse propagates down the tapering dump bar.
This would result in a continuous negative reflection which, when added to the
incoming pressure wave, would cause the gauge output signal to decay.

In an attempt to control this problem, a gauge was made for which the
tapered bar was dipped into the soft Furane epoxy (which was allowed to cure)

and then cast in a rigid, porous, CIBA attenuator. The results from this gauge
were essentially the same as those from the single-component, porous CIBA
attenuator - a very large reflection was produced from the end of the plastic.

The only remaining variable which might help control the signal decay
observed with the soft attenuators was the length of the tapered bar. It seemed
reasonable that a more gradual taper to the dump bar, with a correspondingly
more gradual build-up of the attenuator material, would help. To test this, a new

gauge was built with a Furane attenuator on one of the 91 cm long tapered bars

17
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used in the original tests. For comparison, a conventional bar gauge with a 91 cm

untapered dump bar was also built. These gauges were tested with a drop bar

that produced a pulse with a 470/us duration, 140 /s longer than the recording

time of the standard gauge.

Results of these tests are shown in Figure 6. As expected, the signal from
the conventional bar gauge ended abruptly when the reflection from the end of the
dump bar returned to the crystal. However, the tapered bar gauge, with a dump
bar of the same length, faithfully recorded the entire pressure pulse. The small
negative peak at approximately 1.5 ms is believed to be the reflection from the
end of the attenuator. It is possible that the attenuator needs to be extended
beyond the tip of the tapered bar to provide additional attenuation and completely
eliminate this reflected signal.

It can be seen in Figure 6 that the pressure pulse recorded by the damped
bar gauge reached a peak at about 200 /s and decayed by about 5 percent ,.
before the pulse ended with the rebound of the drop bar. Most of this decay
occurs after the signal from the standard bar gauge is terminated by the
reflection, so it is not known if the decay is a real characteristic of the pressure
pulse or an artifact of the damped bar gauge. It may very well be all that remains
of the 40 percent decay observed with the previous 30 cm long tapered bar.
Additional testing, with square-wave pulses having a longer duration, would be

required to determine this.

The performance of the gauge with the 91 cm long tapered bar was very
encouraging. Apparently, the taper on the 30 cm bar was too abrupt to allow the
pulse to couple properly into the attenuator. However, it is not clear that the

91 cm bar is sufficiently long, as the signal from this gauge is beginning to decay
when the drop bar rebounds. This fall-off is insignificant compared to that of the
30 cm bar, but could become more apparent with a pressure signal having a
longer duration.

18.
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SECTION 5
CONCLUSIONS

The extension of Edwards' technique to the pressure range of several
kilobars has been demonstrated. Bar gauges have been produced and

successfully tested which showed that a relatively high-level stress pulse could be
coupled gradually from a high-impedance medium to one of much lower
impedance, without generating any discernible reflection.

Developing an attenuator which can absorb the pulse within the dump bar
assembly proved to be more difficult. The materials which initially were thought to
be most likely to produce an acceptable attenuator (basically porous materials
and multi-component materials which would produce multiple-point scattering)
proved quite ineffective in the limited number of samples tested. However, the

soft, viscoelastic Furane epoxy has proven to be a very good attenuator.
Although this epoxy is steel-filled, it appears that the only effective quality is its

softness. The unique decay in the pressure signal produced by a gauge having a
30 cm long attenuator of soft Furane is not completely understood, but was found
to be essentially non-existent with a 91 cm long attenuator when tested with a
0.5-ms-wide pressure pulse. It could, however, become apparent again with a
pressure signal having a longer duration. Apparently, the taper on the 3n cm long
bar was too abrupt to allow the pulse to couple properly into the attenuator. If so,
this indicates that the simple acoustic principles used to derive the shape of the

attenuator are not sufficient to accurately describe the process. The fact that a
cylindrical attenuator of soft Furane on a tapered bar performs as well as one
having the elliptical shape specified by theory, also indicates a problem with the
theory.

Fielding of the damped bar gauge on large-scale HE tests was not
conducted on this contract because the gauge was not sufficiently developed to
justify the expense. This work is to be continued under another contract and we
expect to test (with a longer input pulse) this gauge and similar gauges with
longer tapered bars. To simulate the gradual unloading which typically occurs
with explosively-driven waves, we also plan to do testing with a specially-shaped
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drop bar to provide a step unloading instead of an abrupt rebound. The possibility
of using a cylindrically-shaped attenuator will be pursued and, if sucessful, would
considerably simplify further testing and eventual guage production for fielding.
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